Defects in the clearance of damaged mitochondria via mitophagy are linked to neurodegenerative disease, however most of our understanding of mitophagy comes from studies of toxin induced, bulk-mitophagy in cultured cell lines rather than neurons in vivo . Here, we uncovered cellular conditions that permit the observation of neuronal mitophagy in the Drosophila nervous system. Neurons lacking the ataxia-associated gene Vps13D contain unique mitophagy intermediates that are engaged with a phagophore and are also ruptured, hence lacking matrix components. Rupture and induction of mitophagy result from a defect in mitochondrial fission; these mitophagy intermediates also occur but are successfully cleared when fission is inhibited via Drp1 knockdown. In contrast, mitophagy intermediates remain stalled at the stage of phagophore expansion in Vps13D depleted neurons. Combined disruption of fission and autophagy in neurons, similarly with Vps13D depletion, leads to early death and establishes a new framework for studying mechanisms of mitochondrial quality control in neurons in vivo .
Introduction
Neurons are among the most sensitive cell types to mitochondrial perturbation as evident by the disproportionate number of neurological and neurodegenerative diseases associated with mitochondrial dysfunction (Chen and Chan, 2009; Schon and Przedborski, 2011) . Humans with mutations in mitochondrial fission and fusion machinery, and animal models disrupting these forms of mitochondrial dynamics lead to severe neurological dysfunction (Burté et al., 2015; Davies et al., 2007; Detmer et al., 2008) . Neurons are also reliant on the proper degradation and removal of damaged mitochondria via quality control mechanisms (Pickles et al., 2018) . Mutations in cellular components that mark damaged mitochondria for clearance by autophagy, as well as mutations that disrupt autophagy machinery lead to neurodegeneration in humans as well as animal models (Burman et al., 2017; Kim et al., 2017; Misgeld and Schwarz, 2017) .
While multiple forms of mitochondrial quality control are used by cells (Pickles et al., 2018; Sugiura et al., 2014) , selective degradation of the entire organelle via autophagy, better known as mitophagy, has been the most well-studied. Research in the past decade has uncovered many cellular components of mitophagy machinery, primarily through studies that follow toxin-induced, bulk clearance of the entire m itochondrial population in immortalized cell lines (Geisler et al., 2010; Narendra et al., 2008 Narendra et al., , 2010 . However neurons, unlike immortalized cell lines, are not known to be able to undergo such bulk mitophagy due to their strong reliance on mitochondria. It has been a conundrum in the field that animal models lacking proteins required for bulk mitophagy in cell lines, such as Parkinson's Disease (PD) associated genes Parkin and PINK1, often fail to recapitulate the neurodegenerative phenotypes of human PD (reviewed in (Cummins and Götz, 2018; Pickrell and Youle, 2015) ) and do not show strong defects in mitophagy in vivo (Cao et al., 2017; Lee et al., 2018; McWilliams et al., 2018) . These reports suggest that there is a significant void in our understanding of mitophagy in the nervous system.
Here we identify a role in neuronal mitophagy for a new protein recently associated with neurodegenerative disease, VPS13D. In 2018 our collaborators identified VPS13D as a cause of familial ataxia (Gauthier et al., 2018; Seong et al., 2018) , but the cellular function(s) of VPS13D were not known. To identify VPS13D's functions in the nervous system, we have studied the phenotypes associated with Vps13D mutation and knockdown in Drosophila neurons. In recent work, we noted that Vps13D depleted neurons accumulate severely enlarged mitochondria, which fail to be trafficked to distal axons. Supporting a conserved role in mitochondrial dynamics, cultured fibroblasts from human ataxia patients containing point mutations in the VPS13D gene showed disrupted mitochondrial morphology and decreased mitochondrial energetics (Seong et al., 2018) . Slightly prior to the publication of our work, independent work from another group revealed that Vps13D was associated with the regulation of programmed autophagic clearance of mitochondria in Drosophila larval intestinal cells (Anding et al., 2018) . Overall, these combined observations highlight a potential role for Vps13D in both mitochondrial dynamics and mitochondrial clearance; however, the relationship of these phenotypes and the actual cellular function(s) of Vps13D in neurons has remained undefined.
Here we report that loss of Vps13D in Drosophila larval motoneurons causes the accumulation of never-before-seen mitophagy intermediates in neuronal cell bodies, which are stalled in the mitophagic pathway prior to completion. Through understanding this new phenotype we have gained one of the first glimpses of active mitophagy in neurons in vivo . As we are able to induce similar defects by simultaneously inhibiting mitochondrial fission and autophagy machinery, we have established previously unavailable genetic methods and markers for studying mitophagy initiation and progression in the context of the nervous system.
Results

Vps13D loss in neurons causes the accumulation of mitophagy intermediates
Previous studies in Drosophila midgut cells have shown that loss of Vps13D strongly disrupts the clearance of mitochondria in a developmentally programmed form of bulk mitophagy (Anding et al., 2018) . In this study, we investigated the function of Vps13D in neurons, which we hypothesize undergo selective mitophagy in order to maintain a healthy mitochondria pool. As previously described (Seong et al., 2018) , mitochondria in Vps13D mutant or RNAi-depleted neurons are extremely enlarged. We noticed that a subpopulation of the enlarged mitochondria were strongly positive for polyubiquitin ( Figure 1A ). These polyubiquitin-positive mitochondria also positively stained for Ref (2)p (the Drosophila homolog of mammalian p62), the autophagy receptor protein ( Figure 1B ) , and occurred at a frequency of approximately 0-4 per cell body in Vps13D depleted neurons, with the majority of neurons containing 1-2 of these species. In contrast, no large Ref (2)p or polyubiquitin species are present in motoneurons expressing control RNAi. These results indicate that loss of Vps13D causes the accumulation of mitophagy intermediates, which successfully undergo the initial stages of mitophagy: polyubiquitination and receptor recruitment.
Mitophagy intermediates in neurons lacking Vps13D engage with the autophagy machinery
The next stage of mitophagy is the recruitment of the phagophore (Pickles et al., 2018) , a membranous structure that contains the core autophagy protein Atg8 (Gatica et al., 2018) . As expected for mitophagy intermediates, we observed mitochondria engaged with Atg8-positive structures, detected with antibodies that recognize endogenous Atg8a/b in Vps13D depleted neurons ( Figure 2A ). Approximately 70% of polyubiquitinated mitochondria contain detectable phagophores in Vps13D depleted neurons, but neurons expressing control RNAi lack these intermediates (data not shown). Ultrastructural analysis of larval ventral nerve cords (VNCs) by electron microscopy (EM) of pan-neuronal (Elav-Gal4) driven Vps13D -RNAi confirmed the presence of phagophores partially surrounding individual enlarged mitochondria ( Figure 2B ). These results suggest that the phagophore is actively recruited to mitophagy intermediates in Vps13D depleted neurons.
Despite the clear instances of phagophore recruitment, we failed to observe any indication by confocal microscopy or EM that the phagophores could successfully complete engulfment of the mitophagy intermediates. We noted lack of engulfment by three-dimensional rendering of confocal z-stacks, and by an absence of correlation between the total amount of Atg8 staining at a particular polyubiquitinated mitochondria to the overlap of Atg8 and polyubiquitin ( Figure 2C&D ). These results led us to hypothesize that mitophagy is stalled at the stage of phagophore enlargement upon loss of Vps13D in neurons.
Mitochondria defects include enlargement and rupture in Vps13D depleted neurons
While only occasional mitochondria were observed to be engaged with phagophores, the majority of mitochondria in Vps13D depleted neurons were severely enlarged and contained densely packed cristae ( Figure 3A ). A similar observation was reported in Vps13D mutant Drosophila intestinal cells (Anding et al., 2018) . Hence the enlarged mitochondria do not reflect swelling, but instead suggest an imbalance in mitochondrial fission and fusion. We suspect that the imbalance is not due to increased fusion, since knockdown of the essential mitochondrial fusion protein Marf, using two independent constructs that have been shown to decrease mitochondrial size in larval motoneurons compared to control conditions (Anding et al., 2018; Sandoval et al., 2014) , failed to suppress the enlarged mitochondria phenotype ( Figure S1 ). These results suggest that loss of Vps13D may lead to enlarged mitochondria by disrupting mitochondrial fission rather than promoting hyperfusion.
To our surprise, the ultrastructural analysis revealed that a subpopulation of the mitophagy intermediates, which were engaged with a phagophore, had ruptured and were spilling their matrix content into the cytoplasm ( Figure 3B ). While this phenomenon was only observed in a minority of mitophagy intermediates in EM studies, it is in agreement with another histological hallmark of the mitophagy intermediates present in Vps13D depleted neurons that we had consistently observed from light microscopy: a lack of mitochondrial matrix proteins.
The widely used mitochondrial marker mitoGFP (Pilling et al., 2006) , which localizes to the mitochondrial matrix, is consistently absent or largely diminished in polyubiquitin positive mitophagy intermediates ( Figure 3C ). We also observed that the endogenous matrix enzyme pyruvate dehydrogenase E1ɑ (PDH) observed through antibody staining was strongly reduced in most (arrows in Figure 3D ) but not all (arrowhead in Figure 3D ) of the poly-ubiquitin positive mitochondria. In addition we observed that exogenously expressed epitope-tagged full length mitochondrial matrix enzyme isocitrate dehydrogenase 3β (UAS-Idh3b-HA) (Duncan et al., 2017) was also largely lacking in polyubiquitinated mitochondria ( Figure S2 ). The inner mitochondrial membrane (IMM) protein ATP5A, that we consistently use to identify mitophagy intermediates as mitochondrial in origin, is also reduced in polyubiquitinated mitochondria ( Figure S2 ), but not as significantly or consistently as the matrix proteins. The IMM of mitophagy intermediates was often more loosely packed, and less electron dense in comparison to neighboring mitochondria ( Figure 2B & 3A,B ), which we believe accounts for this slight decrease in ATP5A staining intensity.
While the rupturing of mitochondria was only observed in a subpopulation of the mitophagy intermediates we captured in the EM studies, the micrographs capture only a single plane of a large spherical mitochondrion, hence could miss rupture in a different location in these large objects. Based on the consistent loss of matrix observed in the majority of mitophagy intermediates from confocal microscopy and the presence of rupturing mitophagy intermediates observed in EM, this combined data suggests that mitochondrial rupturing is a common feature of the mitophagy intermediates that accumulate in Vps13D depleted neurons.
High frequency of mitophagy intermediates in neurons lacking Vps13D is due to decreased mitophagic flux
Since we failed to observe complete phagophores or autophagosomes containing mitochondria, we hypothesized that mitophagy was stalled in the Vps13D depleted neurons. However, it was also possible that later stages of mitophagy were simply not visible or recognizable. To distinguish between these possibilities we introduced a blockage to autophagy with null mutations in the core autophagy gene Atg5 (Kim et al., 2016 ) . As is expected from Atg5's well-studied role in phagophore formation, knockdown of Vps13D in an Atg5 null background stalls mitophagy at a stage prior to Vps13D depletion alone because phagophores are no longer associated with polyubiquitinated mitochondria in these dual Vps13D and Atg5 loss neurons ( Figure 4A&B )
We measured the frequency of mitophagy intermediates by counting the percentage of dorsal midline motoneurons (identified via the pan-neuronal marker Elav) which contain Ref (2)p positive mitochondria when Vps13D is pan-neuronally knocked down (using the Elav-Gal4 driver). If some mitophagy is completed in the Vps13D depleted neurons, then more intermediates should accumulate when autophagy is blocked in Atg5 mutants. We observed that the frequency of neurons containing mitophagy intermediates increased only slightly in conditions of both Vps13D depletion and Atg5 mutation ( Figure 4C&D ). When control RNAi is expressed in an Atg5 null background, a small percentage of neurons contained mitophagy intermediates (Ref (2)p(+) and ATP5A(+) intermediates), which were also slightly enlarged in size ( Figure 4D and Figure S3 ). The contrast with the relatively high percentage of neurons containing mitophagy intermediates in Vps13D depletion conditions implies that mitophagy becomes induced in Vps13D depleted neurons. We interpret that the intermediates accumulate because mitophagy becomes induced and is then stalled at a later step.
Inhibition of mitochondrial fission in neurons induces successful mitophagy
We then considered whether the stalled mitophagy defect in Vps13D depleted neurons was a consequence of the extremely large mitochondrial size, which could in theory, be challenging for phagophores to engulf. If this is the case, then other manipulations that lead to enlarged mitochondria should show similar mitophagy intermediates. Further, if mitophagy is blocked due to enlarged mitochondrial size, then deletion of Atg5 in these conditions should similarly have little effect on the number of intermediates.
Severely enlarged mitochondria resulted from RNAi knockdown of the essential mediator of mitochondrial fission, dynamin-like GTPase Drp1. Drp1 depleted mitochondria clustered regionally in the cell bodies and were even more enlarged than mitochondria in Vps13D depleted neurons ( Figure 5A ). We observed that some mitophagy intermediates could indeed be detected in Drp1 depleted neurons. These intermediates showed colocalization with endogenous Ref (2)p ( Figure 5B ), polyubiquitin and Atg8 ( Figure 5D ). Interestingly, these intermediates also lacked mitoGFP ( Figure S4 ).
While the mitophagy intermediates in Drp1 depleted neurons strongly resembled the intermediates in Vps13D depleted neurons by light microscopy, their frequency was significantly lower (8% in the Drp1 depleted neurons, compared to 38% of the Vps13D depleted neurons) ( Figure 5B&C ). These observations suggest that mitophagy becomes induced in Drp1 depleted neurons, and that Drp1 function may not be essential for polyubiquitination, receptor recruitment, or phagophore recruitment.
In contrast to our observations in Vps13D depleted neurons ( Figure 4 ), we saw that loss of Atg5
in Drp1 depleted neurons led to a strong increase in the number of mitophagy intermediates; 7% of Drp1 depleted neurons contained Ref (2)p-positive mitochondria, while 48% of the Atg5 null, Drp1 depleted neurons contained these intermediates ( Figure 6A&B ). This result suggests that mitophagy is activated and is also successfully completed in Drp1 depleted neurons.
The mitophagy intermediates in Atg5 null; Drp1 depleted neurons showed a varied appearance, with the majority being small puncta that appear to be budding from or nearby to a larger mitochondria ( Figure 6A , inset: curved arrow ). Others appear as larger individual mitochondria, which are most similar to the mitophagy intermediates present in the condition of Drp1 depletion alone ( Figure 6A , inset: straight arrow ); however, the largest mitochondria present were never decorated with Ref (2)p in these conditions. From the distribution in size measurements of mitophagy intermediates in Drp1 depleted versus Atg5 null; Drp1 depleted neurons, we noticed a large increase in intermediates ranging in size from ~1-8µm 3 specifically in the dual loss condition ( Figure 6C ). We noticed a population of very large intermediates (~12-30µm 3 ) that remained similar in number in both conditions. We interpret that the smaller mitophagy intermediates are efficiently degraded in conditions of Drp1 depletion alone, and can only be detected when we block autophagy. The larger intermediates may have a slower kinetics of completion, or may even be stalled, which could enable their detection in the absence of autophagy blockage. Interestingly, the 1-8µm 3 intermediates that accumulate in Atg5 null, Drp1 depleted neurons share a similar size distribution with mitophagy intermediates present in Vps13D depletion conditions (~95% are <10µm 3 ) ( Figure S5 ). These observations suggest the enlarged mitochondrial size in Vps13D depleted neurons is not a sufficient explanation for the stall in mitophagy. We therefore propose that Vps13D function is required for phagophore elongation and completion .
Blocking autophagy did not alter the loss of mitochondrial matrix observed in Drp1 and Vps13D depleted neurons ( Figure 4 and Figure S4 , and data not shown). Furthermore, the mitophagy intermediates present in Atg5 null neurons consistently maintain mitoGFP ( Figure  S4 ). These observations suggest that the presence of a phagophore does not play a causative role in the rupture. Instead, the rupture and loss of matrix appears to be a feature of damaged mitochondria resulting from mitochondrial fission defects in Drp1 and Vps13D depleted neurons, rather than a result of the block in mitophagy.
Taken together, we propose that both Drp1 loss and Vps13D loss lead to mitochondrial defects that induce selective mitophagy in Drosophila neurons in vivo ( Figure 7B ). In Drp1 depleted neurons, this selective mitophagy is both induced and completed, limiting the build-up of damaged mitochondria. In Vps13D depleted neurons, fission-impaired mitochondria also initiate mitophagy, however completion of this selective mitophagy is impaired due to a defect in phagophore elongation.
Functional importance of mitochondrial dynamics and mitophagy in neurons
Previous work has shown that mitochondrial fission in neurons acts as a quality control (QC) mechanism to suppress neurodegeneration caused by oxidative damage (Kageyama et al., 2012) , and mitophagy is proposed to additionally act as a defence against oxidative stress (Kim et al., 2007) . With Vps13D loss disrupting mitochondrial fission and mitophagy, we tested the functional consequences of losing these QC mechanisms individually or together in neurons. Pan-neuronal (via nSyb-Gal4) knockdown of Vps13D leads to a severe survival defects in flies, as measured by the rate of successful eclosion: only 5% of animals eclose from their pupal cases. In comparison, knockdown of Drp1 using the same Gal4 driver leads to a successful eclosion rate of 84% ( Figure 7A ). This is similar to whole animal knockouts of these two genes, as null mutations in Drp1 lead to semi-lethality at pupal stages with some adult flies surviving (Verstreken et al., 2005) , while Vps13D null animals die in early larval stages (Anding et al., 2018; Seong et al., 2018) . Simultaneous neuron-specific knockdown of the core autophagy protein Atg5 along with Drp1 causes a significant decrease in eclosion rate (11%), which is much lower than in the cases of knocking down either protein alone ( Figure 7A ). These observations are consistent with a two-hit model ( Figure 7B ) for toxicity: loss of Drp1 alone is only mildly toxic because mitophagy can clear defective mitochondria. In addition, loss of autophagy alone is not toxic because neurons undergo only low levels of basal mitophagy in the absence of any additional stressors. However, scenarios that both induce mitochondrial damage and impair clearance lead to strong lethality.
Discussion
Since the discovery of a role for PD associated proteins Parkin and PINK1 in removal of damaged mitochondria via mitophagy, there has been a sustained effort to understand the importance of mitophagy in the maintenance of neuronal health and function. However, discoveries made from mitophagy assays performed in cultured cells have been difficult to verify in vivo due to the lack of a robust means of detecting and experimentally inducing mitophagy in neurons. Here we have shown that under certain conditions, selective mitophagy can readily be detected in neurons in the form of mitophagy intermediates. Detection of mitophagy intermediates generally requires either an increase in mitochondrial damage from a stress to drive mitochondria into mitophagy (such as inhibition of fission as shown here), or the blockage of mitophagy (as shown here with loss of Atg5 or Vps13D). Our data suggest that Vps13D depletion leads to mitochondrial damage and initiation of selective mitophagy of damaged mitochondria; as well was a second defect in the progression of phagophore elongation that leads to a build-up of mitophagy intermediates ( Figure 7B ). The identification of these intermediates and their readily visualizable features (including their large size) opens up future opportunities to study the molecular mediators and mechanism of neuronal mitophagy.
While the genetic manipulations we performed here may represent extreme experimental conditions, the two-hit defect of accumulated mitochondrial damage combined with diminished capacity for clearance is considered to occur naturally during aging and to be accentuated by conditions of stress and/or genetic mutations in many neurological diseases (Pickrell and Youle, 2015) . Our ability to dissect these causally related defects in the study of Vps13D should promote new inroads into understanding the pathophysiology of neurological disease.
Mitochondrial fission and mitophagy
A key insight that allowed us to unravel two related functions for Vps13D was made possible by our finding that a separate genetic manipulation -depletion of Drp1 -could induce selective mitophagy in Drosophila neurons. At face value, the finding that mitophagy can occur when Drp1 function is impaired may be surprising, since several studies have reported an essential role for mitochondrial fission in mitophagy (Burman et al., 2017; Twig et al., 2008) . In addition, mitochondrial fission was found to be required downstream of Vps13D for clearance of mitochondria in Drosophila intestinal cells (Anding et al., 2018) . However, other studies have documented fission-independent mitophagy (Mendl et al., 2011; Yamashita et al., 2016) . We propose that differences in these observations may relate to differences between selective versus bulk mitophagy, and differences in cell types. Fission may be important for breaking down a highly fused tubular mitochondrial network during non-selective bulk mitophagy (Rambold et al., 2011) . However, neurons are highly reliant on their mitochondria and are not expected to remove all of their mitochondria in bulk; instead, selective mitophagy of only the most damaged mitochondria is expected to be critical for long term maintenance of a healthy pool of mitochondria. Our findings imply that neurons deficient for Drp1 and/or Vps13D function lead mitochondrial damage that induces selective mitophagy
Since mitochondrial homeostasis relies on the exchange of mitochondrial material through a proper balance of fission and fusion (Meyer et al., 2017) , mitochondrial damage should be accelerated in fission-deficient conditions. Being isolated from exchange, fission defective mitochondria may require selective degradation of the entire organelle as opposed to more subtle mitochondrial QC mechanisms such as mitochondrial proteases and mitochondrial derived vesicles (MDVs) (Ashrafi and Schwarz, 2013; Sugiura et al., 2014) . For their extensive morphology and high metabolic needs at distant locations, neurons may be particularly particularly sensitive to impairments in Drp1 function. In support of this idea, previous work has shown that conditional genetic ablation of Drp1 in mouse cerebellar neurons causes the accumulation of oxidative stress, which ultimately leads to neurodegeneration (Kageyama et al., 2012) . Further, recent work in Drosophila models of Charcot-Marie Tooth Type 2A syndrome (CMT2A) has demonstrated that autophagy is transcriptionally upregulated in neurons when the balance of mitochondrial fission/fusion is disrupted (El Fissi et al., 2018) .
Mitochondrial rupture in Vps13D depleted neurons
The rupturing of mitochondrial membranes in neurons lacking Vps13D observed in EM images of mitophagy intermediates was a surprise finding, but was consistent with our staining showing a lack of mitochondrial matrix in mitophagy intermediates. Our observation that mitoGFP does not label mitophagy intermediates in Vps13D or Drp1 depleted neurons ( Figure  3 and Figure S4 ) serves as a cautionary note that widely-used matrix-targeted fluorescent reporters (Cornelissen et al., 2018; Sun et al., 2015) may fail to detect some forms of mitophagy intermediates, hence may lead to inaccurate interpretations about the state of mitophagy in some scenarios. We note that a simple block in autophagy (in Atg5 mutants) leads to mitophagy intermediates that retained mitoGFP ( Figure S3 ). Therefore, the rupture of mitochondria observed in Drp1 and Vps13D depleted neurons appears to be independent of autophagy, and more likely a consequence of disrupted fission.
Other reports have demonstrated rupture of the outer mitochondrial membrane (OMM) during toxin-induced bulk mitophagy in cultured cells, which enables the phagophore to interact with autophagy receptors, such as prohibitin 2, in the IMM (Chan et al., 2011; Wei et al., 2017; Yoshii et al., 2011) . In contrast, our observations document rupture of both the OMM and IMM membranes. To our knowledge, this is the first direct documentation of such clear rupturing of mitochondria in neurons in vivo . The rupture is expected to have profound functional consequences, since mitochondrial matrix proteins in the cytoplasm can trigger apoptosis (Dorstyn et al., 2018) and mitochondrial DNA as well as oxidized mitochondrial proteins are potent inducers of innate immune responses (West, 2017) . Ultrastructural analysis and cleaved caspase staining did not reveal any apoptotic cells (data not shown), so there is interesting work ahead to understand the pathology that evolves following Vps13D loss.
Vps13 proteins and cellular function
While Drosophila has three Vps13 proteins (Vps13, Vps13B, and Vps13D), yeast have a single Vps13 protein that specifically localizes to inter-organelle contact sites where it mediates lipid transport (Bean et al., 2018; Park et al., 2016) . Mammalian VPS13A and VPS13C have additionally been shown to localize to inter-organelle contact sites where they mediate lipid transport . Inter-organelle contact sites, specifically contacts between the endoplasmic reticulum (ER) and mitochondria directly mediate mitochondrial fission (Friedman et al., 2011) . Lipid transport at these sites is likely essential for fission, as proper phospholipid composition in mitochondrial membranes regulates fission by modulation of Drp1 function (Adachi et al., 2016) . Therefore, an attractive model for Vps13D's role in mitochondrial fission is in the regulation of mitochondrial phospholipid content via lipid transport from the ER.
The second role for Vps13D we have revealed in this work is the regulation of phagophore elongation during mitophagy. Previous work has broadly implicated the Vps13 gene family in autophagy, as the Dictyostelium homolog of Vps13A/C is required for proper autophagic flux (Muñoz-Braceras et al., 2015) . In other animal models, the stalling of phagophores, similar to our observations with Vps13D loss, has previously been observed in Atg2 mutants (Lu et al., 2011; Nagy et al., 2015; Velikkakath et al., 2012) . In recent elucidating work, it has been revealed that Atg2 acts as a lipid transporter to directly fuel the growing phagophore in autophagy (Osawa et al., 2019; Valverde et al., 2019) . The N-terminal domain of Atg2, which is capable of lipid transport in vitro , contains a Chorein_N domain: a unique protein domain that only exists in Atg2 and the Vps13 protein family. The N-terminal fragment of Vps13 from C. thermophilum containing the Chorein_N domain directly functions as a lipid transporter , and the N-terminal is functionally similar in all Vps13 family members. Therefore, the role we have uncovered for Vps13D in phagophore elongation is highly consistent with its domain architecture and similarity to Atg2 and other Vps13 family members. It remains to be determined whether Atg2 and Vps13D work together in generic phagophore elongation in all forms of autophagy, or whether Vps13D acts specifically in mitophagy while Atg2 specifically mediates phagophore growth in generalized autophagy. Interestingly, loss of Vps13D in larval fat bodies did not disrupt starvation-induced autophagy, suggesting a specialized function in some but not all forms of autophagy (Anding et al., 2018) .
In comparison to Atg2 and other Vps13 family members, unique to Vps13D is its dramatic requirement for proper mitochondrial fission, as loss of other Vps13 proteins do not drastically alter mitochondrial morphology (unpublished data). However, mutations in all Vps13 family members are associated with neurological diseases (Rzepnikowska et al., 2017) , suggesting that mitochondrial dysfunction is not the common denominator of this protein family's importance in neuronal health. Instead, we suspect that the unique mitochondrial defect in VPS13D mutants drives the initiation of mitophagy, which then reveals a stall in phagophore expansion. This role in fueling phagophore growth in selective autophagy may potentially be shared amongst other Vps13 family members, and will be tested in future studies.
In conclusion, we have shown that Vps13D regulates two processes that are critical to general mitochondrial health: mitochondrial fission and mitophagy ( Figure 8 ). With this foundational knowledge, in the future, it will be necessary to understand if patient mutations in VPS13D are differentially affecting one or both of these processes in order to better understand the differential severity of pathogenesis in patients with mutations in this gene (Gauthier et al., 2018; Seong et al., 2018) .
Methods
Fly maintenance and Drosophila stocks
Fly stocks were maintained on standard Semi-defined yeast-glucose media. All experiments used feeding (not-wandering) 3rd instar larvae which were cultured at 25° in a 12:12h light:dark cycle incubator.
The following strains were used in this study ("BL" indicates a strain from Bloomington Stock Center and "V" indicates a strain from Vienna Drosophila Resource Center): Vps13D RNAi (BL #38320), luciferase RNAi (Control RNAi) (BL #31603), UAS-mCD8-ChRFP (BL #27392), M12-Gal4 (BL #2702), D42-Gal4 (BL #8816), Elav-Gal4 (BL #458), Atg5 null ( Atg5 5cc5 from G. Juhasz's lab (Kim et al., 2016) ), Drp1 RNAi (BL #67160), Atg5 RNAi (BL #34899), Marf RNAi (V) (V #40478), Marf RNAi (B) (BL #67158), UAS-Idh3a-HA (gift from I. Duncan lab (Duncan et al., 2017) ), and nSyb-Gal4 (BL #51635).
An unbiased mixture of both male and female larvae were selected for all experiments unless listed below. Because of the presence of the Atg5 gene on X-chromosome, experiments in Figure 4C,D and Figure 6 were exclusively performed in male larvae to achieve homozygosity ( Atg5 5cc5 /y). The Elav-Gal4 transgene is additionally present on X-chromosome, so dosage of Gal4 is highest in these experiments. In Figure 5B ,C , exclusively female larvae were with a single copy of Elav-Gal4 (Elav-Gal4/+) for consistency, which produces a comparably lower dosage of Gal4 expression due to X-chromosome inactivation.
Immunohistochemistry
Third instar larvae were selected based on visual and fluorescent markers, and dissected in ice-cold PBS. Fixation was either done with 4% formaldehyde in PBS for 20 minutes at room temperature, or with undiluted Bouin's Fixative (Ricca Chemical Cat# 1120-16) for 7 minutes at room temperature. Following fixation, dissected larvae were washed extensively in PBS, followed by PBS-T (PBS with 0.1% Triton X-100) before blocking for at least 30 minutes at room temperature in PBS-T supplemented with 5% normal goat serum. Primary and secondary antibodies were diluted in the same buffer used for blocking. Primary antibodies were incubated overnight at 4°, followed by PBS-T washes. Secondary antibodies were incubated for at least 2 hours at room temperature, followed by PBS-T washes. Following staining, filleted larvae were mounted using Prolong Diamond mounting media (Life Technologies).
The following primary antibodies were used in this study: anti ATP5A* at 1:1000 (Abcam #ab14748), anti dsRed at 1:500 (Takara #632496), anti Polyubiquitin ("PolyUb") at 1:50 (FK1) (Enzo Life Sciences #pw8805), anti Ref (2)p at 1:500 (Abcam #ab178440), anti Atg8 (GABARAP)* at 1:500 (Cell Signaling Technology #13733S), anti GFP at 1:1000 (Aves Labs #GFP1020), anti GFP at 1:1000 (Life Technologies #A6455), anti GFP** at 1:500 (Life Technologies #A-11120), anti PDH (PDH-e1ɑ)** at 1:200 (Abcam #ab110334), anti Multi Ubiquitin ("Ub/PolyUb") at 1:200 (FK2) (MBL #D058-3), anti Elav at 1:100 (Developmental Studies Hybridoma Bank #Rat-Elav-7E8A10), and anti HA at 1:500 (Sigma #H6908). Antibodies designated with the (*) symbol were only used in conditions in which tissue was fixed with Bouin's Fixative due to dramatically better staining in this fixation condition, whereas antibodies labeled with the (**) symbol were only used in conditions in which tissue was stained with 4% formaldehyde due to dramatically better staining in this fixation condition. Any antibodies not designated with those symbols worked well in both fixation conditions.
The following secondary antibodies (all derived from goat, diluted 1:1000) were used (all from Life Technologies): anti Rabbit (Alexa Fluor 405/488/568/647), anti Mouse IgG1 (Alexa Fluor 568/647), anti Mouse IgG2a (Alexa Fluor 488), anti Mouse IgG2b (Alexa Fluor 488/647), anti IgM (Alexa Fluor 568), and anti Rat (Alexa Fluor 488/647).
Electron Microscopy
Third instar larvae were dissected in ice cold PBS then fixed with 3.2% paraformaldehyde, 1% glutaraldehyde, 1% sucrose and 0.028% CaCl 2 in 0.1 N sodium cacodylate (pH 7.4, overnight, 4 o C). Samples were then postfixed with 0.5 % OsO 4 (1h, RT) then half-saturated aqueous uranyl acetate (30 min, RT), dehydrated in graded series of ethanol and embedded using Spurr Low-Viscosity Embedding Kit (EM0300, Sigma-Aldrich) according to the manufacturer's instructions. Ultrathin 70-nm sections were stained in Reynold's lead citrate and viewed at 80kV operating voltage on a JEM-1011 transmission electron microscope (JEOL) equipped with a Morada digital camera (Olympus) using iTEM software (Olympus).
Imaging and Quantification
Confocal images were collected on an Improvision spinning disk confocal system, consisting of a Yokagawa Nipkow CSU10 scanner, and a Hamamatsu C1900-50 EMCCD camera, mounted on a Zeiss Axio Observer with 63X (1.4NA) oil objectives or a Leica SP5 Laser Scanning Confocal Microscope with a 63x (1.4NA) oil objective. Images in Figure 2C of individual mitophagy intermediates were subjected to deconvolution using Leica LAS AF deconvolution module. Similar settings were used for imaging of all compared genotypes and conditions. Volocity software (Perkin Elmer) was used for intensity measurements and quantification of all confocal data. All images of non-labeled neurons (ie, not labeled by a membrane-bound fluorescent protein) from conditions of pan-neuronal manipulations (D42-Gal4 or Elav-Gal4) were taken and quantified from the dorsal midline motoneurons (approximately segments A3-A7).
To quantify the phagophore engulfment of mitochondria ( Figure 2D ), separate segmented populations were defined based on intensity using the Volocity software for PolyUb and Atg8 for each mitophagy intermediate, along with a third population which represented the voxel space occupied by the overlap of these two populations. The overall accumulation of Atg8 staining (volume (um 3 ) multiplied by the intensity (A.U.)) was plotted against the voxel overlap of the two populations (Atg8 and PolyUb) to test for a correlation. The expectation is that there would be a positive correlation between the size of the phagophore and the overlap of Atg8 and PolyUb signal if the phagophore was successfully engulfing the PolyUb+ mitochondria.
To quantify the % change in matrix proteins ( Figure 3E ) (mitoGFP and PDH) in PolyUb+ mitochondria, the average intensity of matrix protein staining was averaged for >3 non-polyubiquitinated mitochondria and compared to the intensity of an individual or multiple PolyUb+mitochondria in the same cell body. Therefore, % change corresponds to the average intensity difference in the PolyUb+ mitochondrial protein compared to the intensity in a non-PolyUb+ neighboring mitochondria in the same cell body.
To quantify the % of polyubiquitinated mitochondria with phagophores ( Figure 4B ), ATP5A+/PolyUb+ objects were individually assessed for the presence of recognizable Atg8 staining amounting to more than a punctum.
To quantify the % of neurons containing mitophagy intermediates ( Figure 4D, 5C 6B ) , mitophagy intermediates were identified as Ref (2)p+ objects that contained recognizable ATP5A staining, and were corresponded to a neuronal cell body through proximity to labeling of the neuronal nuclear marker Elav. The number of neurons containing one or more mitophagy intermediates was counted over the total number of dorsal midline motoneurons (from Elav staining) per ventral nerve cord.
Volume measurements of mitophagy intermediates ( Figure 6C, S5 ) was performed in Volocity, and based off of the volume of Ref(2)p+ objects identified as containing ATP5A staining.
Eclosion Assay
Pupae of the proper genotype (based on morphology and fluorescence) were counted 8 days following egg laying, and counted pupae were tracked for a total of 7 days. Successful eclosion was counted as complete exit from the pupal case, as flies that died while partially eclosed were counted as failed.
Statistics
All statistical methods utilized are listed in the Figure legends , and in almost all scenarios (except for correlation test and eclosion assays) Two-tailed unpaired T-tests assuming parametric distributions were used to compare different conditions. All error bars represent standard error of the mean (SEM), and individual data points are included to indicate the distribution of the data. The statistical significance of Eclosion Assays were determined using a Chi-Square Test to compare two individual genotypes at a time. Sample sizes were determined based on previous literature. Figure 7: Disruption of mitochondrial fission and mitophagy impairs survival of flies significantly more than disruption of either individually. A) Quantification of successful eclosion frequency of pupae with the indicated RNAi driven by pan-neuronal driver nSyb-Gal4. N value depicted in graph represents the total number of pupae scored for eclosion. n.s. indicates no significant difference, *** indicates p<0.001, and **** indicates p<0.0001 based on Chi square test of two compared genotypes indicated. B) Two-hit model for mitophagy intermediates present in Vps13D depleted neurons: knockdown of Vps13D causes (1) fission defects that lead to enlargement of mitochondrial morphology and accelerates induction of selective mitophagy in Drosophila larval neurons. Additionally, (2) mitophagy is stalled due to a second role for Vps13D in phagophore elongation on damaged mitochondria. Therefore, depletion of Vps13D causes the accumulation of mitophagy intermediates (top right) that are polyubiquitinated (light blue), coated with Ref (2)p (Drosophila homolog of p62, dark blue), and engaged with a stalled phagophore (labeled by Atg8 which is the Drosophila homolog of LC3, magenta). Mitophagy intermediates in conditions of fission-deficient (Drp1 and Vps13D loss) rupture and loss their matrix content (green).
